Abstract We reanalyzed the 13 April 1949 Olympia, Washington, earthquake by using digitized records and first-motion polarities from long-period seismograms. The moment-tensor mechanism is normal faulting with a down-dip-trending T axis similar in style to other Cascadia intraslab earthquakes. The total seismic moment is 1.3 ‫ן‬ 10 26 dyne cm (M w 6.7) and the hypocenter depth is 60 km. Additional inverse modeling for the kinematic rupture process assuming the steeply east-dipping fault plane from the moment tensor resulted in a slightly higher total moment of 1.9 ‫ן‬ 10 26 dyne cm (M w 6.8). The earthquake ruptured to the south with at least two subevents.
Introduction
Intraslab earthquakes occur in the upper portion of the subducting Juan de Fuca Plate within the Cascadia Subduction zone beneath the Puget Sound region of western Washington. The largest were the 1949 Olympia (M 6.9-7.1), 1965 Seattle-Tacoma (M 6.8), and 2001 Nisqually (M 6.8) earthquakes (Fig. 1) . The hazards they pose are nearly equal to those from other seismic sources for timescales relevant to retrofitting (i.e., 50% probability of exceedence in 75 years). The 28 February 2001 Nisqually earthquake caused billions of dollars in losses. While retrofitting limited damages, continued efforts are needed because an earthquake closer to Seattle or larger in magnitude will cause more damage and disruption. Re-examination of historical earthquakes improves strong ground motion prediction better than completely stochastic scenarios. This also better resolves how stresses are released in the subducting slab from tectonic forces and dehydration embrittlement (e.g., Kirby et al., 1995; Dobson et al., 2002) , in particular, because aftershocks from deep intraslab earthquakes are rare in the Pacific Northwest. Figure 2 illustrates the differences in estimated focal mechanisms for the 13 April 1949 Olympia, Washington, earthquake. Nuttli (1952) initially estimated an oblique normal-strike-slip mechanism with a west-southwesttrending T axis. Hodgson and Story (1954) later included additional first motions and estimated a thrust-type mechanism. Baker and Langston (1987) examined three-component waveform data and recognized reversed polarities for some of the data previously analyzed. They estimated mainly a sinistral strike-slip mechanism for the 1949 earthquake with rupture along an east-west-trending fault that contrasts with the normal faulting mechanisms and down-dip-trending T axes of other Puget Sound intraslab earthquakes. An intraslab strike-slip mechanism is possible for Cascadia similar to some of those in the Nankai trough in Japan (Wang et al., 2004) , because oblique subduction can reactivate pre-existing fracture zones in the Juan de Fuca plate.
With the new global broadband data collected from the 2001 Nisqually earthquake, it was appropriate to re-examine all historical Puget Sound intraslab earthquakes using this recent earthquake as a reference event. We reanalyzed the 1949 Olympia earthquake from the inversion of digitized seismograms collected by Baker and Langston (1987) , Wiest et al. (2003) , additional long-period data from College, Alaska, Pasadena, California, and first-motion data from Bogotá, Columbia, for the moment-tensor and kinematic- Figure 1 . Locations and mechanisms of historical and modern Puget Sound intraslab earthquakes. The contours from Tréhu et al. (2002) show the approximate depth to the top of the subducting Juan de Fuca plate. The depth of these earthquakes is located within 0-10 km below the top of this surface. Olympia, Washington, earth quake estimated by this study (TS) using first motions and moment-tensor inversion of teleseismic P waves, by Nuttli (1950) (N1950) and Hodgson and Story (1954) (H&S1954) using first motions, and by Barker and Langston (1987) (B&L1987) from modeling teleseismic body waves. rupture process. Ichinose et al. (2004) performed a similar analysis for the 1965 and 2001 intraslab earthquakes. The source parameters from these analyses and other global intraslab earthquakes are compiled and we provide a new source-scaling relation between combined area of asperities and seismic moment that is significantly different from shallow crustal earthquakes.
Moment Tensor
We used the time-domain iterative inversion method of Kukuchi and Kanamori (1991) that inverts teleseismic body waves to determine the mechanisms and rupture process. The rupture is represented as a sequence of subevents distributed in space and time. The subevent moment tensors are also allowed to vary from one another. The number of unknowns is limited from observational constraints and a grid search is performed over the remaining free parameters, including hypocenter depth, rupture direction, subevent rise time, and rupture velocity, to find the best waveform fit.
The Green's functions were computed by using the Haskell propagator matrix method (e.g., Haskell, 1962; Bouchon, 1976) . We used a one-dimensional velocity model of Ichinose et al. (2004) that was calibrated by using an iterative inversion method on regional seismograms (e.g., Nolet et al., 1986; Ichinose, Thio, et al., 2003) . The PS-9 velocity model of Langston and Blum (1977) was used as an initial We used a calibrated LON model assuming the earthquake moment tensor to calculate synthetics up to 1 Hz and compared them with synthetics computed using the PS-9 model (Barker and Langston, 1987) to show that it improves the fit in amplitude and phase with the observed data. (B) P-and S-wave velocity profiles of the calibrated and PS-9 models. model and includes the slower zone of subducting slab crust. The calibrated model LON has slower midcrustal velocities and a steeper and faster velocity gradient in the upper crust (Fig. 3) . We account for teleseismic P-wave attenuation assuming an attenuation operator t* of 1 sec (Langston and Helmberger, 1975) . The attenuation operator t* ‫ס‬ t/Q is integrated over the travel path where t is the travel time and Q is the quality factor. Figure 4a shows a map of teleseismic stations that yielded teleseismic P waveforms or first-motion polarities for the 1949 earthquake. Figure 4b shows the fit between observed and predicted P waveforms. We applied the instrument corrections to the Green's function to avoid instabilities due to the instrument deconvolution to digitized data. We assume two subevents with the first subevent fixed at 0 sec and the second subevent occurring within 5 sec after the first subevent. The grid search results in an optimal rise time of 3 sec that best fits the frequency character of the waveform data. The resolution of the rupture velocity is poor; therefore, it was fixed at 3.5 km/sec or 80% of the shear-wave velocity at 60 km depth. Table 1 lists the mechanisms and depths for the two subevents. The first subevent has a different mechanism than the second subevent at 4.6 sec, 6 km to the south at a direction of 170Њ ( Fig. 5a and b). The best-fitting double-couple mechanism is a sum of the two subevents which is, a 0Њ N striking fault plane dipping 66Њ E with a total seismic moment (M 0 ) of 1.28 ‫ן‬ 10 26 dyne cm (M w 6.7). First-motion polarities and P-wave amplitudes shown in Figure 5c from stations Berkeley (BRK), Bogotá (BOG), Pasadena (PAS), Saint Louis (SLM), and Weston (WES) are a better fit to the high-angle fault plane for the first subevent relative to overall moment release. The small first-motion misfits at WES, BOG, and BRK suggest that the high-angle plane is slightly steeper for the first subevent. These data are also a better fit for normal mechanisms relative to a strike-slip or thrust mechanism previously estimated (Fig. 2) , including the seismic records at station BOG, not used by Baker and Langston (1987) . BOG is near nodal, which may explain why short-period (SP) and long-period (LP) first motions were difficult to interpret.
The southward rupture propagation is difficult to confirm because PAS is the only available observation toward the south. PAS (D ‫ס‬ 13Њ) also has a P-wave path bottoming in the transition zone complicated by triplicated P waves from the 410-km discontinuity. We compared the digitized PAS Benioff record from the 1949 earthquake with the digital broadband seismogram of the 2001 Nisqually earthquake. A Benioff 1-90 sec instrument response was convolved with the Nisqually record for a better comparison (Fig. 6 ). The correlation of amplitudes and phases between the two observed P-wave vertical components and synthetics confirm that they both have similar seismic moments, mechanisms, and hypocenter depths. Forward modeling of P waveforms using f-j synthetics computed from the AK135 1D layered global velocity model (Kennett et al., 1995) at different hypocenter depths ( 
Finite-Fault Rupture Model
We inverted teleseismic P waves for the spatial and temporal distribution of slip and rake. Our method is explained by Thio et al. (2004) and is similar to the multiple time-window method of Hartzell and Heaton (1983) . The fault plane is described by a grid of points for which Green's functions are computed at each grid to observation point. A propagating slip band is imposed from the hypocenter and propagates at a fixed number of timesteps. This slip band is characterized by maximum rupture velocity and rise time. Grid points that are contained within a slip band, at each timestep, are combined and cast into a set of normal equations. The normal equation is solved simultaneously using a nonnegative least-squares solver to disallow reversed slip vectors (Lawson and Hanson, 1974) . A smoothing constraint is imposed where the amplitude of slip at one point is forced to be equal to its nearest neighbors and the slip is smoothed with its nearest time window while solving for best fit to the data in a least-squares sense. Thio et al. (2004) allow for variable rake, in which case every initial rake vector is split into two conjugate vectors where the new rake is different from the initial by ‫54ע‬Њ. A strong rake-smoothing con- Washington, earthquake (star). The ray paths were plotted to stations with paper records and were not shown for stations where the paper records were lost, but the first-motion data were measured. (B) Observed data and predicted synthetic teleseismic P waves used in the moment-tensor inversion. Epicenter distance in (Њ) and source-receiver azimuth are listed below the station code. Table 1 1949 Olympia Earthquake Moment Tensor straint causes the two conjugate vectors to become equal yielding the orientation of the initial rake vector. The fault is parameterized as a rectangular plane 36 km along strike and 33 km down dip. The fault plane is divided into a grid of 12 by 11 subfaults using a size of 3 ‫ן‬ 3 km. The plane is oriented in a N0ЊE direction dipping 66Њ E (Fig. 5c ) assumed from the moment-tensor inversion (Table 1) . We do not include subfault dynamics because of the poor quality and quantity of data. Computing a single Green's function for each subfault is adequate (e.g., Beresnev and Atkinson, 2001 ). The U.S. Geological Survey / National Earthquake Information Center (USGS/NEIC) hypocenter is located near the middle of the fault grid adjacent to the 2001 Nisqually earthquake hypocenter. We allow the rupture to evolve temporally based on a maximum rupture velocity of 3 km/sec, a minimum rise time of 0.5 sec, and a maximum rise time of 1 sec. We expect rise times of about 0.8 to 1.1 sec (e.g., Heaton, 1990; Somerville et al., 1999) . Any point on the fault can slip either one or two times after the passage of the rupture front. The 14 time windows are spaced 0.5 sec apart. The slip at each grid point is summed by using an isosceles-triangle-shaped source time function with 0.5 sec rise and 0.5 sec fall-off. We inverted teleseismic P waves and depth phases from nine stations (Fig. 7) for the kinematic rupture model using the multiple-time-window methodology. The rupture model shown in Figure 8 has a total M 0 of 1.9 ‫ן‬ 10 26 dyne cm (M w 6.8) and asperity 2 is located within 8.5 km south of the hypocenter. The difference in location of this asperity relative to asperity 2 from the simple rupture model shown in Figure 5a is about 2 km. This 2-km difference may be due to the use of a more complicated fault-rupture model relative to the moment-tensor solution, but the southwest location of the asperity seems to be independent of the increase in model complexity.
Intraslab Source-Scaling Relations
The rupture models of intraslab earthquakes have important implications for earthquake source-scaling relations used for the simulation of strong ground motions (e.g., Somerville et al., 1999) . The relation between seismic-moment and fault-rupture area is particularly important because it defines the static stress drop, which affects the rate of energy release of the earthquake. It is commonly thought that deeper intraslab earthquakes have smaller rupture areas and hence larger static stress drops and potentially stronger ground motions than crustal or subduction zone interplate earthquakes of the same magnitude. Figure 9 compares the combined area of asperities (A a ) and seismic moment from the 1949 earthquake (Table 2) with those obtained using similar procedures and methods for two other Puget Sound earthquakes (Ichinose et al., 2004) . We included measurements from several Japanese (Asano et al., 2003; Morikawa and Sasatani, 2004) and Mexico intraslab earthquakes (Hernandez et al., 2001; Iglesias et al., 2002; Yamamoto et al., 2002; García et al., 2004) . These are compared with A a values from global crustal earthquakes (Somerville et al., 1999) . To estimate A a , we first identify the subfaults with slip contrast greater than 1.5 times the average slip (Table 2 ). These are then summed and multiplied by the subfault area to calculate the combined area of asperities. The data in Figure 9 show a linear correlation between logarithm of A a and M 0 with a correlation coefficient of 0.6 for intraslab and 0.8 for strike-slip earthquakes both with statistically high-significance levels.
We estimated a relation between A a as a function of M 0 for intraslab earthquakes by using linear regression. As a reference, the relation from Somerville et al. (1999) for global crustal earthquakes is,
10 a 0 assuming self-similarity (constrained slope ‫ס‬ 2/3), and 
10 a 0 with the average residual of 0.9 with a standard deviation of 16.1. A relation including both types of the data gives average residual of 28.3 with a standard deviation of 254.7. We excluded data from Mexico estimated from S-wave spectra in the fit because they probably reflect the area of the largest asperity rather than combined area. Nevertheless, the rupture area of A a for all intraslab earthquakes plot below the relation estimated using the global strike-slip and intraslab earthquakes together (Fig. 8) . The relationship for only intraslab earthquakes removes the large bias in residuals and significantly lowers the standard deviation in residuals.
Discussion
The 1949 Olympia, Washington, earthquake is normal faulting with down-dip extension, a common mechanism for intraslab earthquakes. Traditionally this indicates reactivation of pre-existing normal faults in the slab crust through bending of the slab crust as it begins to descend at a steeper Figure 9 . The combined area of asperities versus seismic moment for global crustal and intraslab earthquakes. S1999 is the relation from Somerville et al. (1999) , assuming self-similarity for global crustal earthquakes.
angle. This change is likely due to a loss in buoyancy forces from densification or "dewatering" through mineral-phase changes from basalt to eclogite (e.g, Dobson et al., 2002; Hacker et al., 2003) . In the Puget Sound to Vancouver Island region of Cascadia, there is a change in strike of the subduction zone and this may introduce some slab parallel bending and stretching in addition to slab perpendicular bending. Wang et al. (2004) identified that the densification may also led to slab parallel stretching identified from modeling by others using a weak layer material sandwiched between two stronger layers under traction.
The center of moment release for larger-magnitude intraslab earthquakes appear to occur about 10 km below the subduction zone interface near the base of the slab crust with most of the slip extending into the upper slab crust and some slip possibly extending into the underlying slab mantle (Fig. 1) . The approximate depths of the 1949 Olympia, 1965 Seattle-Tacoma, and 2001 Nisqually (M Ͼ6) earthquakes are about 60-70 km (this study; Ichinose et al., 2004) corresponding to the depth where the process of dewatering has worked its way down the base of the slab crust and a time where the process is near completion. These depths are approximately 10 km below the 50-km slab contour (Fig. 1) . Smaller intraslab earthquakes (M Ͻ6) beneath the Olympic Mountains and Satsop, Washington, occur at about 40 km depth at the top of the slab crust (Table 3 ; Fig. 1 ) at a time and depth where the dewatering process is just beginning. If dewatering is a major component to triggering intraslab earthquakes then the maximum earthquake size may be controlled by the depth extent of the dewatering process. In this case there is a greater potential for larger ruptures occurring at greater depths and locations farther east from the trench beneath cities with larger populations. Wang et al. (2004) noted earlier that local dehydration embrittlement might facilitate earthquakes (e.g., Dobson et al., 2002; Hacker et al., 2003) . They point out that ruptures may extend deeper into the upper mantle, which has major implications in seismic hazard. The physics involved are complicated because stresses from dewatering would resist faulting on pre-existing fractures by pore-pressure decreases, but as the water, presumably in fluid state, migrates vertically, there is a temporary increase of pore pressure in the overlying slab crust. In addition, there is a locally dominant unclamping stress on normal faults from slab bending in the slab perpendicular direction.
We estimated that intraslab earthquakes have a smaller combined area of asperities for the same seismic moment as those of shallower global crustal earthquakes, but an answer to why intraslab earthquakes have higher asperity stress drops and higher ground motions remains uncertain. A larger depth of faulting logically leads to a higher static stress drop because of the increased shear load capability of faults due to an increase in confining pressure. Sudden mineral-phase changes to higher density material may also contribute to higher static stress drops. One alternative explanation of higher ground motions may be a highly hydrated serpentinized mantle forearc wedge above the source region of intraslab earthquakes (McNeil et al., 2004) . McNeil et al. (2004) theorize that a focusing effect allows trapped waves to escape from the subducting slab crust into the overlying upper plate and their 2D modeling results demonstrate that ground motions are about a factor of 1.5 higher and more locally focused with a serpentinized mantle forearc wedge model than to an unperturbed model.
Conclusions
We infer that the A a for intraslab earthquakes has a significantly smaller combined area of asperities than those from shallower strike-slip earthquakes with the same M 0 . This difference leads to a 3-fold increase in stress drop at 10 24 dyne cm increasing to a 5-fold increase at 10 28 dyne cm relative to crustal strike-slip earthquakes. This difference is slightly higher when compared with Kurile-Japanese sub- (Seno, 2003) . This apparent increase in stress drop can explain the stronger ground motions observed for intraslab earthquakes relative to ground-motion attenuation models for subduction zone interplate earthquakes at the same magnitudes (e.g., Atkinson and Boore, 2001) . We conclude that the largest Puget Sound intraslab earthquakes between 1949 and 2004 have normal-faulting mechanisms with a down-dip-trending T axis and they also have source-scaling characteristics similar to those observed in Japan and Mexico. In addition, the rupture process appears to be best characterized as a mode-3-type crack common to most large dip-slip earthquakes as the three largest intraslab earthquakes in the Puget Sound, that is, the 1949 Olympia, 1965 Seattle Tacoma, and 2001 Nisqually earthquakes (e.g., Ichinose et al., 2004) all ruptured with slip distributions slightly more elongated along strike than in the dip direction with an approximate aspect ratio of 1.5 (strike length over dip length).
